Background: Low-carbohydrate diets have become increasingly popular for weight loss. However, evidence from individual trials about benefits and risks of these diets to achieve weight loss and modify cardiovascular risk factors is preliminary.
I N THE PAST 4 DECADES, THE PREVAlence of obesity among adults aged 20 to 74 years in the United States increased from 13% to 31%. 1 In the United States, obesity results in an estimated 325 000 deaths annually 2 and accounts for about 5.5% of total direct health care costs. 3, 4 At any given time, approximately 45% of women and 30% of men in the United States are attempting to lose weight. 5 Numerous diets have been proposed to promote weight loss. 6 Weight loss from certain diets may lead to prevention of type 2 diabetes and improved control of hypertension 7 and may reduce cardiovascular morbidity and mortality. In a recent meta-analysis of randomized controlled trials, little evidence was found to support the use of diets other than low-fat diets for weight reduction. 7 However, there is a lack of data from well-controlled trials about the most effective dietary approaches to achieve meaningful and long-term weight loss in overweight individuals. Although fat-and energy-restricted diets are generally recommended for these individuals, 8, 9 lowcarbohydrate, high-protein diets are one of the most popular alternative weight loss approaches. 10 Low-carbohydrate diets derive a large proportion of energy intake from protein and fat, and there is concern for the potentially detrimental impact of these diets on blood lipid levels and on cardiovascular risk. 11 Results from individual clinical trials and uncontrolled studies suggest that there is insufficient evidence to make recommendations for or against the use of lowcarbohydrate diets. 12 In this meta-analysis, we compare the effects of low-carbohydrate diets without en-ergy restriction vs energy-restricted low-fat diets on weight loss, blood pressure, and lipid values in randomized controlled trials with diet interventions for at least 6 months.
METHODS

LITERATURE SEARCH
We used the Cochrane Collaboration search strategy 13 and, together with a professional librarian, searched M E D L I N E , E M B A S E , P A S C A L , GLOBAL HEALTH, HEALTH, Web of Science, and the Cochrane Library from January 1, 1980 , to February 28, 2005 , to identify all randomized controlled trials that compared low-carbohydrate with low-fat diets. We additionally reviewed UptoDate version 2005 and Clinical Evidence Concise 2004 (issue 12), contacted experts in the field, and searched reference lists of identified publications for citations of additional relevant articles. We contacted original trial investigators for additional information where needed.
TRIAL SELECTION AND DATA ABSTRACTION
To be included in this meta-analysis, trials were required to use a randomized controlled design comparing the effects of a low-carbohydrate diet (defined as a diet allowing a maximum intake of 60 g of carbohydrates per day) without energy intake restriction vs a low-fat diet (defined as a diet allowing a maximum of 30% of the daily energy intake from fat) with energy intake restriction in individuals with a body mass index (calculated as weight in kilograms divided by the square of height in meters) of at least 25. Included trials had to report changes in body weight by using an intention-to-treat analysis, to have a follow-up of at least 6 months, and to include individuals 16 years and older. We excluded trials with crossover or sequential designs.
Two investigators (A.J.N. and A.N.) independently assessed trial eligibility and quality. Disagreement was resolved by consensus. Data from eligible trials were extracted in duplicate. We assessed the quality of included trials with respect to concealed treatment allocation, blinded outcome assessment, loss to follow-up, and full description of losses to follow-up and withdrawals. 14 The nature of the trials comparing diets required an open intervention with no blinding of trial participants and investigators.
The main end point was the weighted mean difference in weight loss from baseline to 6 and 12 months of follow-up between the 2 groups. Secondary end points were the attrition rates on diets and the weighted mean differences in percentage change of body weight, systolic and diastolic blood pressure, blood lipid levels (total cholesterol, high-density lipoprotein cholesterol [HDL-C], lowdensity lipoprotein cholesterol [LDL-C], and triglycerides), fasting glucose level, fasting insulin level, and quality of life.
STATISTICAL ANALYSIS
We pooled treatment effects across trials and calculated weighted mean differences for outcome measures in the lowcarbohydrate and the low-fat diet groups by means of a random effects model. 15 We investigated the presence of publication bias by means of funnel plots. 16 We tested for heterogeneity with the Cochran Q test and measured inconsistency (I 2 ; the percentage of total variance across studies that is due to heterogeneity rather than chance) of treatment effects across trials. 17 Sensitivity analyses were conducted to explore heterogeneity. We planned to conduct sensitivity analyses comparing trials with blinded vs unblinded outcome assessment, and trials with low-fat vs verylow-fat diets as a comparison with the lowcarbohydrate diets. All statistical analyses were performed with Stata 8.2 software (Stata Corp, College Station, Tex).
RESULTS
Six published articles fulfilled our inclusion criteria (Figure 1 ). [18] [19] [20] [21] [22] [23] Five of them described trials that included a total of 447 individuals (222 on low-carbohydrate diets and 225 on low-fat diets) and reported 6-month follow-up data. The sixth article 21 reported on an extended 12month follow-up from 1 of the other 5 articles. 20 Twelve-month follow-up data were available from only 3 trials, 19, 21, 23 including 137 individuals on low-carbohydrate diets and 138 individuals on low-fat diets. Table 1 shows the characteristics of the 5 trials; Table 2 summarizes the patient data.
Four of the included trials compared the effects of lowcarbohydrate diets vs energyrestricted low-fat diets allowing for up to 30% of daily energy intake from fat. One trial compared a low-carbohydrate diet with a very-low-fat diet containing only 10% of energy from fat. 23 T h e r e w a s n o t r i a l w i t h a f o l l o w -u p o f m o r e t h a n 1 2 months. The small number of trials with small numbers of individuals precluded a sensitive exploration of publication bias, although the funnel plot did not indicate evidence of such a bias.
All subjects in the trials were free-living individuals who bought and/or prepared their own food. Mean ages of included individuals ranged from 42 to 49 years. Most trials included predominantly women and healthy individuals. Only 1 trial 20 included extremely obese individuals, with a mean body mass index of 43 and a prevalence of diabetes of 39% (Table 2) . One trial 22 reported intention-to-treat data using a linear mixed-effects model, and another trial 23 used the baselinevalue-carried-forward method to account for missing data. The 3 remaining trials [18] [19] [20] presented intention-to-treat analyses using both the last-value and the baseline-carriedforward methods. In this metaanalysis, we report results using these individual trials' data based on the last-value-carried-forward method.
There was no qualitative change in outcome when data from these trials were reanalyzed by the baselinevalue-carried-forward method. Changes in body weight are shown in Table 3 , blood pressure in Table 4 , and lipid values in Tables 5, 6, 7, and 8 in individual trials comparing lowcarbohydrate with low-fat diets. 
QUALITY OF TRIALS
All trials used concealed treatment allocation. Because of the nature of the trials, blinding of participants was impossible.Noneofthetrialsusedblinded outcome assessment for the primary outcome of change in body weight. Only 1 trial 22 fully described the reasons for losses to follow-up (Table 1) .
WEIGHT LOSS
After 6 months, individuals assigned to low-carbohydrate diets had lost more weight than individuals randomized to low-fat diets (weighted mean difference, −3.3 kg; 95% confidence interval [CI], −5.3 to −1.4 kg; P=.02 for the test of heterogeneity; I 2 =65%; 95% uncertainty interval [UI], 7%-87%) (Figure 2 ). Heterogeneity was mainly due to the fact that the only trial assigning subjects in the low-fat arm to the Ornish diet allowed a maximum of 10% of the daily energy intake from fat, 23 whereas all other trials allowed 30% of the daily energy intake from fat in subjects randomized to low-fat diets. When this trial was excluded in a sensitivity analysis, the weighted mean difference for subjects randomized to low-carbohydrate vs low-fat diets was −4.3 kg (95% CI, −5.6 to −3.0; P = .77 for the test of heterogeneity; I 2 = 0%; 95% UI, 0%-85%). After 12 months there was no significant difference in weight loss between individuals in the 3 trials 19,21,23 randomized to low-carbohydrate and low-fat diets (weighted mean difference, −1.0 kg; 95% CI, −3.5 to 1.5; P = .15 for the test of heterogeneity; I 2 = 48%; 95% UI, 0%-85%). The summary estimates of weighted mean differences in percentage change in body weight in individuals randomized to low-car-bohydrate vs low-fat diets were as follows: after 6 months, −3.4%; 95% CI, −6.0% to −0.7%; PϽ.001 for the test of heterogeneity; I 2 =91%; 95% UI, 83%-96%; and after 12 months (3 trials), −0.9%; 95% CI, −3.1 to 1.3; P=.15 for the test of heterogeneity; I 2 =47%; 95% UI, 0%-84%.
COMPLETION RATES ON DIETS
After 6 months, individuals randomized to low-carbohydrate diets were more likely to complete the trial than were individuals randomized to lowfat diets ( Figure 3 ). 
LIPID VALUES
Intention-to-treat data for lipid values were available from 4 of 5 trials. 19, 20, 22, 23 Contrarily, summary estimates of weighted mean differences after 6 months in HDL-C ( 
GLUCOSE AND INSULIN VALUES
Intention-to-treat data for changes in glucose and insulin values were available from 3 trials, but meth-odologic differences in assessment of glucose and insulin values precluded a pooled analysis of these measures. In one trial there was no difference between the 2 groups, either in the area under the glucose curve or in the area under the insulin curve after a glucose tolerance test. 19 Similarly, in the one trial comparing a low-carbohydrate with a very-low-fat diet, there was no difference in fasting glucose or insulin values between the 2 groups. 23 In the last trial, 20 fasting glucose values were lowered more efficiently in individuals on the low-carbohydrate diet than on the low-fat diet after 6 months (−10.8 ± 23.4 mg/dL [−0.6 ± 1.3 mmol/L] vs −1.8 ± 21.6 mg/dL [-0.1±1.2 mmol/L]; P=.02), but this effect was no longer detectable after 12 months. In the same trial, there was no difference in insulin levels between the 2 groups after 12 months. In the subgroup of patients with diabetes in this trial, hemoglobin A 1c values changed more favorably in individuals on the lowcarbohydrate diet than on the lowfat diet at 12 months (−0.7%±1.0% vs −0.1%±1.6%; P=.02; after adjustment for weight loss).
COMMENT
In this meta-analysis of randomized controlled trials comparing the effects of low-carbohydrate vs lowfat diets, low-carbohydrate diets were more effective in inducing weight loss after 6 months, but this effect was no longer obvious after 12 months of follow-up. There was no clear benefit of either diet when their effects on cardiovascular risk factors were examined. Changes in blood pressure were not different between the 2 groups. Whereas total and LDL-C levels decreased more in individuals randomized to low-fat diets, HDL-C and triglyceride values changed more favorably in individuals randomized to low-carbohydrate diets.
This study has several strengths and limitations. We conducted an The quality of the included trials was moderate. Whereas most trials used concealed treatment allocation, losses to follow-up were quite substantial. No trial reported blinded outcome assessment. Therefore, we were not able to conduct sensitivity analyses comparing trials with blinded outcome assessment vs trials without it, as originally planned. The absence of blinded outcome assessment is a flaw that potentially limits the validity of individual trials. Dropout rates were substantial. After 1 year of follow-up, between 31% and 48% of individuals randomized to low-carbohydrate diets, and between 37% and 50% of individuals randomized to low-fat diets, had dropped out of the trials. To account for missing data, original trials conducted intention-totreat analyses, most of them using either the baseline or the last-valuecarried-forward method. Both methods are problematic, as one cannot necessarily assume that individuals dropping out of a dietary intervention trial will return to their baseline body weight or maintain their body weight achieved at the time of dropout. However, the results based on various methods of analysis were consistent and thus may strengthen the credibility of our findings. Future trials, however, should aim at obtaining a complete evaluation of body weight and cardiovascular risk factors in all participating individuals irrespective of complete or incomplete adherence to allocated diet. 24 There was evidence of heterogeneity concerning the main outcome of weight loss after 6 months. The small number of trials included in this meta-analysis and the absence of trials using blinded outcome assessment precluded formal exploration of heterogeneity. Nonetheless, heterogeneity was likely to be due to the one trial that compared a low-carbohydrate diet with a very-low-fat diet, as opposed to a low-fat diet as in other trials. 23 Results were not qualitatively different when the analysis was repeated after exclusion of that trial.
Follow-up in the trials was too short to look at cardiovascular morbidity or mortality. Hence, outcomes were limited to surrogate markers such as body weight and cardiovascular risk factors. Even for the surrogate markers chosen, follow-up durations were rather short. Most trials included younger individuals with severe overweight and obesity. Therefore, our results cannot be generalized to more senior individuals or to individuals with moderate overweight. In addition, no trial reported assessment of quality of life for individuals on either diet. Clearly, there is a need for longer-term trials in individuals with wider ranges of age and overweight and addressing not only weight loss and cardiovascular risk factors but also cardiovascular morbidity, mortality, and quality of life.
A recent systematic review 12 looking at the efficacy and safety of lowcarbohydrate diets concluded that, at that time, there was insufficient evidence to make recommendations for or against the use of low-carbohydrate diets. That review included highly heterogeneous trials with respect to design and carbohydrate content. The review did not include any randomized controlled trial comparing the effects of a low-carbohydrate diet without energy restriction vs a lowfat diet during a minimum of 6 months. On the basis of our results from a meta-analysis of 6 randomized controlledtrialspublishedsubsequent to the systematic review, we believe there is still insufficient evidence to make recommendations for or against the use of low-carbohydrate diets to induce weight loss, especially for durations longer than 6 months. The differences in weight loss between lowcarbohydrate and low-fat diets after 12 months were minor and not clinically relevant. In our opinion, the un- favorable changes in LDL-C levels caution against the conclusion that low-carbohydrate diets can be generally recommended to promote weight loss. No trials of low-carbohydrate diets have been performed that are powered for clinical end points (eg, myocardial infarction or death). It is therefore uncertain whether the beneficial effects of these diets on HDL-C and triglyceride levels outweigh the unfavorable changes in LDL-C level. In contrast, trials of reduced-fat diets, in conjunction with other lifestyle modifications such as increased physical activity, have demonstrated long-term maintenance of weight reduction and delayed onset of diabetes. 25, 26 Furthermore, randomized controlled trials have also demonstrated the benefits of the Mediterranean diet on secondary prevention of cardiovascular disease. 6 We conclude that low-carbohydrate diets appear to be at least as effective as low-fat diets in inducing weight loss for a duration of up to 1 year. Low-carbohydrate diets are associated with unfavorable changes in total cholesterol and LDL-C levels, but favorable changes in triglyceride and probably HDL-C values. In the absence of evidence that lowcarbohydrate diets reduce cardiovascular morbidity and mortality, such diets currently cannot be recommended for prevention of cardiovascular disease. Figure 6 is reproduced here with its legend. 
